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Abstract

In-flight pressure distributions at four fuselage sta-
tions on the forebody of the X-29A aircraft have been
reported at angles of attack from 15 to 66° and at
Mach numbers from 0.22 to 0.60. At angles of attack
of 20° and higher, vortices shed from the nose strake
caused suction peaks in the pressure distributions that
generally increased in magnitude with angle of attack.
Above 30°-angle of attack, the forebody pressure dis-
tributions became asymmetrical at the most forward
station, while they remained nearly symmetrical until
50- to 55°-angle of attack for the aft stations. Between
59- to 66°-angle of attack, the asymmetry of the pres-
sure distributions changed direction. Yawing moments
for the forebody alone were obtained by integrating
the forebody pressure distributions. At 45°-angle of
attack, the aircraft yaws to the right and at 50° and
higher, the aircraft yaws to the left. The forebody yaw-
ing moments correlated well with the aircraft left yaw-
ing moment at an angle of attack of 50° or higher. At a
45°-angle of attack, the forebody yawing moments did
not correlate well with the aircraft yawing moment,
but it is suggested that this was due to asymmetric
pressures on the cockpit region of the fusclage which
was not instrumented. The forebody was also shown
to provide a positive component of directional stability
of the aircraft at angles of attack of 25° or higher. A
Mach number eflect was noted at angles of attack of
30° or higher at the station where the nose strake was
present. At this station, the suction peaks in the pres-
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sure distributions at the highest Mach number were
reduced and much more symmetrical as compared to
the lower Mach number pressure distributions.

Nomenclature
Cyp pressure coefficient
Cn yawing moment coeflicient
Cunsp forebody yawing moment coefficient deter-

mined from integration of forebody
pressures over projected side area

Chn, yawing moment cocfficient at zero sideslip

forebody yawing moment coeflicient at zero
sideslip, 8 = 0 intercept of
Crsb versus 3 curve

Cng' fb

CnB aircraft directional stability

CnB,1b forebody directional stability coeflicient,
6Cﬂ b, dcg—-l

F.S. fuselage station, in.

HARV High Alpha Research Vehicle

1 length of aircraft from nose apex to engine
exhaust plane, 576 in.

M Mach number

Re. Reynolds number based on mean acro-
dynamic chord of 86.60 in.

Rep Reynolds number based on fuselage major
axis diameter of 39.8 in. at x/1 = 0.201

X distance from nose apex along longitudinal
axis of aircraft

a aircraft angle of attack, deg

B aircraft angle of sideslip, deg



] forebody circumferential angle, deg, (0° is
bottom centerline, positive is clockwise
as scen from a front view, 0 to 360°)

Introduction

A joint high-angle-of-attack research program on the
forward-swept-wing close-coupled canard X-29A air-
plane (Fig. 1) was recently completed by NASA, the
U.S. Air Force, and Grumman. This program stud-
ied flight controls, handling qualities, fighter agility-
military utility, flow visualization, and forebody pres-
sure measurements.

During the high-angle-of-attack envelope expansion
and subsequent flight testing of the X-29A, the aircraft
generally exhibited excellent slow-speed flying qualities
at high angles of attack. The purpose of those flights
was to evaluate the aircraft in full maneuvering flight
up to 40°-angle of attack (o) and during symmetric
pullups or pitch pointing to o = 70°. At a =~ 45°, an
interesting phenomenon appeared in which the aircraft
always yawed to the right. If full opposite rudder was
input prior to the buildup of yaw rate, lateral control
could be maintained using conventional lateral stick
inputs. At a > 50°, the aircraft yawed to the left
and no piloting technique was sufficient to maintain a
constant heading at 30,000-ft altitude and above.!

The X-29A had been designed to be departure resis-
tant throughout the flight envelope, including the high-
angle-of-attack region.? The Grumman design incorpo-
rated existing aircraft hardware to reduce development
costs. This included an F-5A nose section which was
known to have forebody-induced yaw asymmetries at
high angles of attack and was modified because of this
asymmetry.

With the original F-5A forebody shape, the nose
asymmetry phenomenon was characterized by large
sideforces at 0° sideslip (3) above a = 23°. This
forebody shape was modified for the X-29A applica-
tion through a series of wind-tunnel tests.3 Both nose
strakes and an F-20 shark nose? configuration were
tested in hope of alleviating the asymmetry. While the
nose strakes and the shark nose eliminated the asym-
metry at low Reynolds numbers, the shark nose data
were not repeatable in high Reynolds number tests.
The final X-29A nose shape consisted of a refinement of
the nose strakes and shortening the F-5A nose cone 11
in. The wind-tunnel tests described in Ref. 3 predicted
that these refinements would delay any nose asymme-
try phenomenon to a = 40°. Later ground tests from
the wind-tunnel and drop model tests showed the pos-
sibility of zero sideslip yaw asymmetries at o > 40°.5:6
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Fig. 1 X-29 aircraft.
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The purpose of this flight test was to investigate the
reasons for these nose asymmetries observed in flight
and to gain a better understanding of vortical flows
on forebodies at high angles of attack. Flow visual-
ization and extensive surface pressure measurements
on the forebody were to be used. Previously, simi-
lar instrumentation had been used on the F-18 High
Alpha Research Vehicle (HARV)™~® to study vortical
flow phenomena. In that case, off-surface flow visual-
ization, on-surface flow visualization, and surface pres-
sure measurements were used. As a result, locations of
vortex cores, lines of separation, and laminar separa-
tion bubbles showed good correlation with the pressure
distributions.

This X-29A study included smoke flow visualiza-
tion and pressure distribution measurements. The off-
surface flow visualization using smoke has been re-
ported in Refs. 10 and 11. This paper summarizes the
results of the forebody pressure measurements; prelim-
inary results have been reported in Ref. 12. Pressure
distributions will be presented and forebody yawing
moments and directional stability derived from the in-
tegrated forebody pressures will be correlated with the
aircraft yawing moments and directional stability.

Experiment Description

Vehicle Description

The X-29A is a single place research airplane which
integrates several technologies, such as a forward-
swept, aeroelastically tailored composite wing and a
close-coupled, variable-incidence canard. The forward-
swept wing section, with a 29.27° leading-edge swept
wing, has a thin, supercritical wing with full span, dual-
hinged flaperons and a fixed leading edge. An aft body
strake flap augments the pitch control of the canard
and the flaperons. Lateral control is provided by the
full span asymmetrical deflection of the flaperon while
a conventional rudder is used for directional control.

The Grumman design incorporated existing aircraft
hardware to reduce development costs. This included a
modified F-5A nose section; F-16 main gear, emergency
power unit and surface actuators; F-14 flight sensors
and Honeywell flight control computers; and an F-18
F-404-GE-400 afterburning turbofan engine (General
Electric, Lynn, Massachusetts).

The original F-5A forebody had an unfavorable
zero sideslip nose slice characteristic at high angles of
attack.!® To improve the high-angle-of-attack charac-
teristics for the X-29A application, Grumman modi-
fied the forward 46 in. of the nose section by reshap-
ing it, shortening it 11 in., and adding a 24-in. long

nose strake. Figure 2 is a close-up view of the nose
strake as seen from below. A noseboom 75-in. long
was installed at the nose apex. The boom tapered from
0.88-in. diameter at the tip to 3.5-in. diameter at the
nose apex and supported three angle-of-attack vanes
and one angle-of-sideslip vane.

Instrumentation

For this investigation, the fuselage forward of the
cockpit was extensively instrumented with surface pres-
sure measurements as shown in Fig. 3. Four circum-
ferential rows of static pressure orifices were installed
at x/1 = 0.026, 0.056, 0.136, and 0.201. A total of
202 orifices were installed. Gaps in the orifice instal-
lation at the circumferential rows were due to internal
structure or lack of internal access. Each orifice on
the forebody was connected to temperature-controlled
electronic scanning pressure modules with 6 ft of 0.062-
in. id pneumatic tubing. It was previously determined
that 8 ft of 0.062 tubing would have a pneumatic lag
of 10 msec at an altitude of 20,000 ft.1 Reference
pressure for the module was supplied through a 12-in.
long, 0.062-in. id tubing to a small reference pressure
manifold with an internal volume of 0.21 in® located
in the forebody. The reference manifold, vented to
the unpressurized compartment though an &-in. long,
0.066-in. diameter tubing, was monitored by a high-
resolution digital absolute pressure transducer. The
pressure transducers with each module were scanned
sequentially 25 samples/sec and outputs were sampled
by a 10-bit pulse code modulation (PCM) data sys-
tem. In-flight zero differential pressure readings were
taken before each test point and were used during post-
flight data reduction to correct the data for calibration
offsets. The forebody pressures were measured with
+216 Ib/ft? differential range pressure transducers with
an estimated accuracy of 1 1b/ft?.

Airspeed and altitude were measured using a spe-
cially designed swivel probe which self aligned with
the local flow and was mounted on the left wing tip
(Fig. 4). This probe was calibrated for Mach number
and altitude and its root-mean-square error was esti-
mated to be 0.003 for & < 58° based on data from
a similar installation on the F-18 HARV.}® Since an-
gle of attack was a flight-critical input parameter for
the triple redundant flight-control system for this 35-
percent statically unstable aircraft, three independent
angle-of-attack vanes were mounted on the noseboom.
For high angles of attack, the vanes were calibrated
using the aircraft inertial navigation system and me-
terological analysis of rawinsonde ballon data.'®'” A
single vane mounted on the noseboom was used to de-
termine angle of sideslip.



25 in.

Nosestrake \ E

Noseboom

Pressure
i orifice

920387

Fig. 2 X-29 aircraft.
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Fig. 3 Locations of pressure orifices on the X-29A forebody, cross sectional views from in front of aircraft.
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Fig. 4 Swivel probe on left wing tip of the X-29A.

Test Conditions

Pressure distributions on the forebody were ob-
tained at angles of attack from 15 to 50° during 1l-g
quasi-steady-state flight conditions, for zero and non-
zero sideslip values at nominal altitudes of 20,000 and
40,000 ft. Sideslip data were obtained during controlled
wings-level sideslip maneuvers for a < 45°. At a 2
45°, sideslip data were obtained during wing rock and
transient conditions during slow pullup-pushover ma-
neuvers. Data were also obtained in windup turns at
angles of attack from 15 to 40° for M < 0.60.

Pressure distributions at o > 55° were obtained on
a single flight during a pullup-pushover maneuver of
As mentioned in
the Instrumentation section, there was little lag in the
pneumatic tubing between the orifice and the pressure
transducer. Data from this dynamic maneuver at o <
55° were consistent with similar data from stabilized
test points on other flights. The data from this dy-
namic maneuver at o > 55°, while limited, are thought
to be valid.

which 6.5 sec were at « > 50°.

At a < 50°, the flight data were averaged for 0.4 sce
during quasi-steady-state conditions or slow, wings-
level sideslip manecuvers, resulting in the average value
for a total of 10 data samples. At « > 50°, the data
interval had to be reduced due to the more transient
maneuvers, and data intervals of 0.1 and 0.2 sec were
used.

Discussion of the Results

Effect of Angle of Attack

Forebody Pressure Distributions Sample pres-
sure coefficient data from the forebody are plotted as a

function of radial location {#) in Fig. 5. Radial location
§ = 0° is on the fuselage bottom centerline, 8 = 180°
is on the fusclage top centerline, § = 90° and 270° are
points on the fuselage surface, and the horizontal line
which bisects the vertical axis as shown in the figure
inset. The cross-scction view is taken looking aft from
in front of the aircraft. Radial location § = 90° is on
the starboard (pilot’s right) side and 6 = 270° is on the
port side. Note that the pressure distribution at each
angle of attack shown is offset from the previous by
AC, = 1.0. The complete ordinate scale is shown for
a = 66.2° ouly. The angle of attack corresponding te
cach pressure distribution is shown at the right of the
figure. A more complete listing of the flight conditions
is given in the following table. At a = 20° and above,
the effect of the nose strake vortices are noted by a
sharp suction peak in the pressure distributions at ¢ =
108° and 252° (Fig. 5(a)). These suction peaks gener-
ally increase in magnitude with angle of attack. The
pressure distributions at x/1 = 0.026 were nearly sym-
metrical up to o = 30°. Above o = 30°, the pressure
distributions became asymmetric. The suction peak
was greater on the port (pilot’s left) side suggesting
that the port forebody strake vortex was slightly closer
to the surface and the starboard (pilot’s right) vortex
was farther from the surface. The asymmetry remained
in this direction until between a = 59 to 66°, where the
asymmetry switched direction and the higher suction
pressure was on the starboard side.

At x/1 = 0.056 (Fig. 5(b)), four distinct suction peaks
became discernible in the pressure distributions. At
o = 45.2°, for example, the peaks at § ~ 90° and 270°
are caused by the flow accelerating around the highly
curved surface of the forebody at this station. Suction
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(a) x/1 = 0.026. (b) x/1 = 0.056.
Fig. 5 Effect of angle of attack on forebody pressures.



peaks are also observed at 6 ~ 140° and 220° at a =
45.2°. These suction peaks are caused by the footprint
of the nose strake vortices and are significantly reduced
as compared to those at x/l = 0.026, suggesting that
the nose strake vortices are farther from the surface
at this location. As the angle of attack was increased
from a = 14.9°, these suction peaks moved inboard
(toward @ = 180°). Note that the pressure distribution
does not become asymmetric until a = 49.7° with the
higher suction pressures on the port side as it was for
x/1=0.026. At a = 66.2°, the distribution has become
nearly symmetric.

At x/1 = 0.136, suction peaks in the pressure dis-
tribution shown in Fig. 5(c) at  ~ 70° and 290° are
caused by the local acceleration of the flow around the
highly curved surface at these circumferential angles
(Fig. 3). Suction peaks at § ~ 160° and 200° for a =
45.2°, for example, are due to the nose strake vortices
and are reduced further compared to x/l = 0.056, sug-
gesting a further lifting of the vortices from the surface.
At this location the pressure distribution did not be-
come significantly asymmetric until a = 54.7°, with
the higher suction pressures on the port side as seen
previously at x/1 = 0.026 and 0.056. At a = 66°,
the asymmetry changed direction with the high suc-
tion pressures on the starboard side as had happened
at x/1 = 0.026.

Moving farther aft on the forebody to x/1 = 0.201
(Fig. 5(d)), the pressure distributions had suction
peaks at § =~ 60° and 300° due to the local acceler-
ation about the highly curved surface at those radial
locations. Minor suction peaks are noted near § =
160° and 200° for o = 45.2° due to the further dis-
placed nose strake vortices. The nose strake vortex at
6 =~ 200°, & = 49.7° and 54.7°, is closer to the surface
and results in the increased suction. An additional suc-
tion peak is also noted in the pressure distribution and
is distinct at a = 45.2° and § = 250°. This suction
peak is probably due to the local acceleration of flow
about the locally curved surface due to the proximity
of the vortex on this side and resulting increased local
velocities. Note that at o = 66.2°, where the asymme-
try has changed directions, this suction peak is more
pronounced at 6 = 110° than at 250°.

The data shown in Fig. 5 were obtained at a
Reynolds number based on the fuselage diameter of
Rep = 2.4 t0 3.9 x 10%. These Reynolds numbers are
above the critical Reynolds for ogive cylinders!®~2® and
the boundary layer on the forebody should be turbu-
lent. In addition, at x/1 = 0.136 and 0.201, large re-
movable panels for access to internal electronics cause
a discontinuity in the surface just below the lowest ori-
fice and would act as a boundary-layer trip if the flow
were laminar.

Yawing Moments at Zero Sideslip Forebody
yawing moment coefficients were determined by inte-
grating the four rings of pressures over the projected
forebody side area. The forebody yawing moment coef-
ficient at zero sideslip (Cy,_ so) Was determined by plot-
ting the forebody yawing moment coefficient (Crpe) as
a function of sideslip (8), fairing a line through the
data, and obtaining the intercept at 3 = 0. Two ex-
amples of this procedure are shown in Fig. 6 at a = 45°
and 55°. In Fig. 6(a), data at a =~ 45° are shown for
altitudes of 20,000 and 40,000 ft as well as linear curve
fit of this data. In Fig. 6(b), data at a =~ 55° are shown
with the linear curve fit and error band. The equations
for these linear curve fits give the offset (Cn,, s3) as well
as the slope (Cnf8), i.e., the yawing moment at 8=
0 and the directional stability parameter.

The yawing moment coefficients caused by the fore-
body and for the complete aircraft?! are presented in
Fig. 7 as a function of angle of attack. The complete
aircraft data were taken at an altitude of 30,000 ft
while the forebody data were taken near 20,000 ft and
40,000 ft. The large right aircraft yawing moment at
zero sideslip at 45° did not correlate with the forebody
pressures. There is, however, a strong correlation be-
tween the left yawing moment coefficient at a > 50°.
At a = 55° the forebody accounts for approximately
65 percent of the yawing moment. Above a = 60°, the
slope of the curve changes and Cy,, s» = 0 at a =~ 65°.

The forebody yawing moments at 3 = 0 were bro-
ken down further by individual orifice stations to deter-
mine which regions were causing the yawing moment.
In Fig. 8, the yawing moments at § = 0 for a unit
length (1 ft) of fuselage at each station are shown as
a function of angle of attack. The effect for the ori-
fice row at x/l = 0.026 is small partly because of its
relatively small fuselage vertical height (minor diame-
ter) and partly because of favorable effects of the nose
strake.1® At a > 55°, the forebody stations at x/1 =
0.056 and 0.136 have the most effect on the forebody
yawing moment to the left. The forebody station at
x/1 = 0.201 has significantly less effect than either fore-
body station at x/1 = 0.056 or 0.136 for & > 55°. Note,
however that at o = 45°, the forebody station at x/1 =
0.201 is showing a positive yawing moment while the
yawing moment for the other stations is either nearly
zero or slightly negative. This suggests that pressures
on a forebody region aft of x/1 = 0.201, possibly the
canopy region, could be causing the nose-right yawing
moments at a =~ 45°. This is also in agreement with
Ref. 22 which stated that “as the angle of attack (for
an ogive cylinder) was increased, the side force distri-
bution compressed toward the nose.”
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(d) x/1 =0.201.
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Effect of Angle of Sideslip

Directional Stability The contribution of the
forebody to the aircraft directional stability (Crss)
is shown in Fig. 9. Also shown in this figure is the
total aircraft directional stability (C,,8) from Refs. 21
and 23 as well as the directional stability of an isolated
F-5A forebody model as determined from force and mo-
ment data.’® While the F-5A forebody model used was
about 30 percent longer than the length used for the
X-29A calculations, the moment centers as measured
from the nose apex were nearly identical. At a < 25°,
the X-29A forebody shows increasing directional sta-
bility though not as much as the F-5A forebody, cven
accounting for the additional length. A significant por-
tion of the directional stability of the X-29A at o > 35°
can be attributed to the forebody.

.010 TT TV T TrIrvil TI1T17T T 7170 1ll]'Illl
(Alrcraft, ref. 21 !
.008 \ R
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Fig. 9 X-29 aircraft and forebody directional stability.



Forebody Pressure Distributions At a = 45°,
the forebody yawing moment at zero sideslip (Cro.sb)
was nearly zero and the forebody directional stability
Wwas near maximum as shown in Figs. 7 and 9. Figure 10
shows the effects of sideslip on the forebody pressure
distribution at x/l= 0.136. The outside surface of the
cross section, as viewed from in front of the aircraft,
is presented as Cp, = 0. The curves represent the suc-
tion pressure coefficients (~Cp) about the surface for
sideslip values of +3.3° (solid) and —3.8° (dashed). As
shown in the figure, for positive sideslip, the suction
pressure is greater on the windward side of the fore-
body near # = 90° and less on the leeward side near
0 = 270°. Integration of these pressures results in a
local yawing moment to the right (positive) for a posi-
tive angle of sideslip. The resulting C, 8 curve at a =~
45° shows positive directional stability.

Effect of Mach Number

Pressure distributions were obtained on the forebody
in windup turns at Mach numbers up to 0.6 as well as at
lows speeds in 1-g stabilized flight. In Fig. 11, forebody
pressure distributions at x/1 = 0.026 are presented for
an angle of attack from 25° to 40°. In this figure, the
Mach number varies from 0.22 to 0.60 for nearly con-
stant chord Reynolds numbers. At this location, the
forebody strake is present. At a ~ 25° no significant
Mach number effect was noted. However, at a =~ 30°,
35°, and 40° a significant effect was noted. At M =
0.60, the suction peaks were reduced as compared to
the lowest Mach number. In addition, the pressure

180°

View from front

distribution at M = 0.60 was no longer asymmetric as
it had been at the lower Mach numbers.
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Fig. 11 Effect of Mach number on forebody pressures,
x/1 = 0.026.
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Fig. 11 Concluded.

In Fig. 12, the forebody pressure distributions for
one of the three aft stations, x/1 = 0.136, are shown for
an angle of attack from 25 to 40°. In contrast to the
first station, the pressure distributions at the three aft
stations did not show a significant Mach number effect.
This shows a similar trend found on the F-18 HARV
in which similar pressure distributions were taken on
the forebody and on the leading-edge extensions. The
F-18 forebody did not have a strake or noseboom and
did not show a Mach number effect. However, on the
leading-edge extensions where there was a sharp edge
to induce flow separation at high angles of attack, a
significant Mach number effect was noted.
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Fig. 12 Effect of Mach number on forebody pressures, x/1 = 0.136.

Effect of Reynolds Number

Only limited data were available to determine an
effect of unit Reynolds number, i.e., data where the
Mach number and angle of attack were nearly identical
but the Reynolds number was varied. Forebody pres-
sure distributions are presented in Fig. 13 for a ~ 25°,
M =~ 0.50 for Re. = 6.95 and 14.05 x 106 (Rep
3.19 and 6.45 x 10°, respectively) at x/1 = 0.026 and
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0.136. At all four fuselage stations, the pressure dis-
tributions were virtually identical except the two ori-
fices on the lee side closest to the nose strake at x/1
0.026 (Fig. 13(a)). In this case, only these two suc-
tion pressure coefficients were reduced at the higher
Reynolds number conditions by AC, =~ 05. No ef-
fect of Reynolds number was noted at the aft station
(Fig. 13(b)).
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Fig. 13 Effect of Reynolds number on forebody pressure distributions, a = 25°, M = 0.50.

Concluding Remarks

In-flight pressure distributions have been reported at
angles of attack from 15 to 66° and at Mach numbers
from 0.22 to 0.60 at four fuselage stations on the fore-
body of the X-29A aircraft. Forebody yawing moments
were obtained from the integrated pressure distribu-
tions and the results were correlated with the overall
aircraft yawing moments.

At angles of attack of 20° and higher, vortices shed
from the nosestrake caused suction peaks in the pres-
sure distribution that generally increased in magnitude
with angle of attack. These suction peaks decreased
in magnitude as one moved aft on the forebody. At
angles of attack greater than or equal to 30°, the fore-
body pressure distribution became asymmetrical at the
most forward station, x/l = 0.026. The pressure dis-
tributions remained nearly symmetrical until angles of
attack from 50 to 55° for the aft stations. Between
angles of attack of 59 to 66°, the asymmetry of the
pressure distributions changed direction.

Yawing moments caused by the forebody did not
become significant until an angle of attack of 50° or
above and correlated well with the aircraft left yaw-
ing moment. The forebody yawing moments did not
show a right yawing moment at an angle of attack
of 45° as had been shown for the aircraft previously.
However, the pressures at the aft station suggest that
the canopy region could be causing this yawing mo-
ment. The forebody was shown to contribute to the
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directional stability of the aircraft at an angle of at-
tack greater than or equal to 25°.

A Mach number effect was noted at an angle of at-
tack of 30° or higher at the station where the nose
strake was present. The suction peaks in the pres-
sure distributions at this station and at the highest
Mach number were reduced and much more symmet-
rical as compared to the lower Mach number pressure
distributions.
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